Abstract-Here we present a new technique to monitor dynamic conformational changes in voltage-sensitive membrane-bound proteins using radio frequency (RF) impedance measurements. Xenopus oocytes were transfected to express ShakerB-IR K + ion channels, and step changes in membrane potential were applied using two-electrode voltage clamp (TEVC). Simultaneously, bipolar extracellular electrodes were used to measure the RF electrical impedance across the cell (300 kHz -1 MHz). RF current will either pass through the media, around the cell, or displace charge across the cell membrane. The change in displacement current in the cell membrane during voltage clamp resulted in measurable RF impedance change. RF impedance change during DC membrane depolarization was significantly greater in ShakerB-IR expressing oocytes than in endogenous controls at 300 kHz, 500 kHz and, to a lesser extent, 1 MHz. Since the RF were too high to modulate ShakerB-IR protein conformational state (e.g. open channel probability), impedance changes are interpreted as reflections of voltage-dependent protein conformation and associated biophysics such as ionchannel dipole interactions, fluctuations in bound water, or charged lipid head-group rotations.
I. INTRODUCTION ynamic detection of charge displacement in electrically excitable cell membranes provides biophysical insight into voltage-sensitive membrane-bound protein physiology, such as mechanisms for protein stabilization, conformational change, and ionic current [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . As such, monitoring membrane dielectric is of great interest as a tool in basic science. Charge displacement measurements could also be used to track the kinetics of a charged drug binding to the membrane and has relevance in pharmaceutics.
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Sameera Dharia and Richard Rabbitt are both in the Department of Bioengineering, University of Utah, Salt Lake City, UT, 84112, USA. (Sensor Biophysics Lab phone: 801-581-4599; e-mails: sameera_dharia@yahoo.com and r.rabbitt@utah.edu ) in part due to challenges associated with conventional pipette-based electrophysiological techniques. Glass pipettes have sizeable stray capacitance that limits recordings to relatively low frequencies [11, 12] . Increasing the interrogation frequency beyond the typical patch-pipette range lowers the capacitive component of membrane impedance and enables a more sensitive detection of membrane dielectric properties. The present report describes a new technique that uses RF interrogation between extracellular electrodes to dynamically monitor excitable membrane RF impedance changes evoked by step pulses in whole-cell voltage clamp.
In the present study, Shaker potassium ion channels with fast inactivation removed (ShakerB-IR) were expressed in Xenopus Oocytes and RF impedance was compared to oocytes with endogenous protein expression only (control) [20] . Data indicate that Shaker RF-impedance is dependent on membrane voltage in a nonlinear way. Furthermore, Shaker RF-impedance measurements are significantly larger than control cell responses under the same conditions. Data are consistent with the hypothesis that RFimpedance reflects voltage-dependent changes in protein conformation and associated change in electrical dipole moments with ion channel opening [2, 21] .
II. METHODS

A. Oocyte Protein Expression
Xenopus Oocytes, known to express large amounts of specified exogenous membrane-bound proteins, were isolated and transfected using facilities at the University of Utah's C a r d i o v a s c u l a r R e s e a r c h I n s t i t u t e . Complementary deoxyribonucleic acid (cDNA) for the Shaker ion-channel variant ShakerB-IR (inactivation removed) was transformed in E.coli and linearized using the restriction enzyme, Kpn-1. cRNA was transcribed from linearized DNA, and 32 nL/cell of the transcribed RNA was injected into oocytes. Recordings were done 24-48 hours after injection to allow time for protein expression. Currents were measured using twomicroelectrode voltage clamp to verify ShakerB-IR ion channel expression. Oocytes were stored in Superbarth's Oocyte media (88 mM NaCl, 1 mM KCl, 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , 2.4 mM NaHCO 3 , 10 mM HEPES, 1 mM pyruvate, and 50 g/ml gentamicin, titrated using NaOH to a pH of 7.4) at 17° Celsius (C). Oocytes were also bathed in this media during RF recording.
B. Recordings
Oocytes were positioned into a recording chamber consisting of a belt of RF excitation electrodes surrounding the meridian of the cell and a ground electrode located in the oocyte media above an axial pole of the cell (Fig. 1) . The RF electrode array and oocyte positioning system have been described previously [13] . In the present experiments, all of the excitation electrodes were wired together such that the RF electrical currents were applied in a ring around the oocyte meridian. Two glass micropipettes (1-3 M access resistance) filled with 3M KCL were carefully guided into the oocyte using an upright microscope (Zeiss AxioTech). One micropipette was attached to a voltage-measuring headstage (HS-2Ax1LU, Molecular Devices, Sunnyvale, CA) and the second micropipette was attached to a current-injecting headstage (HS-2Ax10MGU, Molecular Devices, Sunnyvale, CA). These pipettes, in addition to a voltage-driving amplifier, were used to control low frequency (~DC steps) two-electrode voltage clamp in an oocyte (AxoClamp2B, Molecular Devices, Sunnyvale, CA). Each oocyte was held at a -90 mV (holding potential), and was remotely commanded to three potentials using a voltage-clamp software: -120 mV, -30 mV and +40 mV (Patchmaster, HEKA Inst., Bellmore, NY).
Voltage-command sequences were applied to cells between 50-200 times and responses were averaged to improve the signal/noise (S/N) ratio in the electrode current and, more importantly, the RF lock-in data. An on-board voltage divider circuit was used to measure the RF current and voltage [13] . The RF source outputted a 300 mV (0-peak), randomized Changes in voltage-sensitive membrane impedance induced by TEVC excitation are simultaneously monitored using radio wave interrogation. A radially distributed electrode array (EA, all electrodes shorted together), clamped within the two plates of the polycarbonate interface, passes signals from a sinusoidal voltage source (Vs, Fig. 1a ), through the cell/conductive media in the recording chamber, to electrical ground (located several millimeters above the cell, Fig. 1b) . The source, reference impedance (Zref, Fig. 1a ) and voltage-measuring site (Vm, Fig. 1a) , are used to monitor changes in RF membrane impedance during membrane voltage-clamp. Signal integrity during measurement is preserved by headstage amplification (HA, Fig. 1a ) and lock-in amplification. Fig. 1b shows a cross section of the cell as it sits in the recording chamber (segment 1-1').
sinusoidal voltage (300 kHz, 500 kHz or 1 MHz; AFG320, Tektronix, Beaverton, OR). Voltage measurements were made relative to a Ag/AgCl ground wire placed ~5 mm above the cell in recording chamber media. This ground was common for both the RF and TEVC measurements (Fig. 1b) .
RF voltage measurements were sampled through a head-stage voltage-follower operational amplifier (OPA356, Texas Instruments, Dallas, TX). The RF signal was high pass filtered (100kHz, 48 db/oct Bessel HPF; SIM965, Stanford Research Systems, Sunnyvale, CA) and detected by a lock-in amplification (0 integration time, SR844, Stanford Research Systems, Sunnyvale, CA). The quadrature outputs on the lock-in amplifier detected changes on the order of 10 microvolts, and time delays caused by the lockin amplifier and HPF were accounted for prior to data analysis. TEVC data (command voltage, sensed voltage, measured current) and RF data (quadrature outputs from the lock-in amplifier) were sampled every 20 μs using a 16 bit A-D converter (ITC-18, HEKA Inst. Bellmore, NY).
C. Electrical Model
A lumped parameter model of the chamber shown in Fig. 2a was used to estimate expected RF frequency responses. Parameters were R s and R i = ~ 1 k (estimated using media-only chamber measurements), R m = 1 M and C m = 2.3 pF and 1.8 pF (C m values for lower and higher trace respectively). C m = 2.3 pF was estimated from the membrane specific capacitance value, 4 μF/cm 2 , for a Xenopus Oocyte [22] . Electrical double layers (Zdl1, Zdl2) were not modeled and were considered unknowns in the experiments. Partially because of this unknown, we report only changes in RF impedance relative to the holding potential (-90 mV).
D. Data Analysis
Both TEVC and RF data were post-processed to 1) compensate for TEVC leak current and 2) calculate change in RF impedance of a cell stepped from holding potential to a command membrane potential (IgorPro, Wavemetrics, Lake Oswego, OR). Multiple acquisitions under identical conditions were averaged together for individual cells: TEVC and RF data was recorded for each voltage-command train (command voltage signal, sensed voltage (TEVC), injected current (TEVC) and x/y lock-in data). This averaging was done for each cell, for each frequency (300 kHz, 500 kHz, or 1 MHz) and for each command potential ( -120 mV, -30 mV or 40 mV). Membrane leak currents were compensated in individual cells. Membrane leak current varies linearly with voltage and is the predominant current measured at hyperpolarized potentials. Thus, TEVC cell currents measured here during hyperpolarization (-120 mV) were used to Fig. 2A shows a lumped parameter model of the recording chamber (Zc). Zc consists of a double-layer interfacial impedance associated with the electrode that surrounds the cell (Zdl), the shunt path around the cell (Rs), and the impedances associated with the cell membrane (Rm -membrane resistance, Cm -membrane capacitance, and Riintracellular solution resistance).
The double-layer impedance associated with the Ag/AgCl ground wire is nearly 0, as the wire is (approximately) non-polarizable. Fig. 2B . The lumped parameter model shown in Fig. 2A was solved, and results demonstrate the effect of frequency on measured impedance magnitude (the upper trace has a lower membrane capacitance than the lower trace). Results indicate that that frequencies in the 100 kHz -3 MHz range will be most effective for detecting change in membrane dielectric during voltage-clamp. Three frequencies were chosen (300 kHz, 500 kHz and 1 MHz) for experimental validation.
estimate leak currents. For population results, TEVC and RF data were averaged across 1) Shaker transfected cells and 2) control cells (endogenous oocyte protein expression only) for each interrogation frequency (300 kHz, 500 kHz and 1 MHz) and voltage-command step (-120 mV, -30 mV, 40 mV). All data were binned in 1 ms intervals for the 40 ms prior to the voltage command, the 40 ms during the voltage command, and the 40 ms after the voltage command. Data reflect collective movement of a population of ion channels (not that of a single channel). Quadrature RF voltage was compared to the average quadrature RF voltage of the cell 5-40 ms prior to cellular excitation (holding potential = -90 mV). The magnitude of the change in impedance (| Zc|) is reported here (e.g. Fig. 3a) . Since the RF measurements include contributions from all membrane proteins and constituents, control cell RF impedance change was subtracted from Shaker impedance change to isolate Shaker component from endogenous response. The magnitude of impedance change 10-30 ms after depolarization was averaged to estimate a steady state change in impedance value (e.g. Fig. 4) . Shaker data were normalized by TEVC current to account for protein expression (n=5). A two-tailed Student ttest with a p-value of .05 was used for all tests of statistical significance.
III. RESULTS
A. Modeling
Present experiments were designed to examine charge displacements associated with voltagesensitive proteins in the cell membrane. We formulated the simple lumped parameter model shown in Fig. 2A to estimate the magnitude of RF impedance change expected to occur for a small change in effective capacitance of the oocyte membrane. At low frequencies, below the membrane RC corner frequency, the RF impedance is dominated by the conductive shunt path around the cell, thus impeding measurement of membrane conductance using extracellular electrodes. In contrast, based on this simple model, small changes in membrane impedance ( c, plotted as a magnitude) caused by a change in membrane capacitance should be observable in the 100 kHz -3 MHz frequency band (2b). The present study examined RF impedance within this band at 300 kHz, 500 kHz and 1 MHz (2b, dotted lines).
B. RF data ShakerB-IR expressing oocytes and those expressing endogenous channels only (control) were used to track millisecond changes associated with change in membrane impedance (| c|) during TEVC electrical stimulation. Temporal resolution was limited by the maximum sampling rates of the data acquisition software; however, the system could eventually be used to track membrane changes on a microsecond time scale. Endogenous channel response was subtracted from the response of ShakerB-IR expressing oocytes (see Methods). Fig. 3a shows ShakerB-IR (n=5, control: n=6) change in RF impedance | c| collected using 500 kHz interrogation for depolarized (black line, ~ 40 mV), slightly Fig. 3 . Millisecond resolution of | c| (3a, collected using a 500 kHz interrogation frequency) for ShakerB-IR expressing oocytes (endogenous protein expression subtracted) and oocytes expressing endogenous protein only (control) in response to TEVC excitation. Membrane potential (TEVC) during experimentation for both Shaker and control cells is shown in 3c (-120 mV (gray trace), -30 mV (dark gray trace) and 40 mV (black trace)). Holding potential for the clamp was set at -90 mV, and the onset of cellular excitation occurred at 40 ms for a 40 ms duration. Ionic conduction current traces (after leak subtraction) (3b) measured using TEVC verify channel expression in the ShakerB-IR cell and lack of expression (after leak subtraction) in the control oocytes.
depolarized (dark gray line, -28 mV) and hyperpolarized (gray line, ~-120 mV) membrane potentials. Membrane current (leak subtracted, Fig. 3b) and voltage (Fig. 3c) were monitored using conventional TEVC for both ShakerB-IR and control oocytes. ShakerB-IR injected oocytes achieved a 3 μ A current at the 40 mV depolarization (black line), as expected [20] . Control oocytes did not exhibit significant currents during depolarization. | c| and ionic current increased nonlinearly in Shaker expressing oocytes.
The steady-state (60-80 ms in Fig. 3 ) change in RF impedance (| c|) is summarized for 300 kHz, 500 kHz and 1 MHZ interrogation frequencies in Fig. 4 . Impedance changes are relative to the RF impedance measured at the -90 mV holding potential, and are shown for voltage steps to -118 mV (control: n=7, ShakerB-IR: n=5), -28 mV (control: n=6, ShakerB-IR: n=5), and +41 mV (control: n=7, ShakerB-IR: n=5). At the -28 mV voltage step, when the Shaker channel was just beginning to open, a significant increase in steady-state | c| was measured at 300 kHz between ShakerB-IR and the control oocytes. Results show statistically significant (*, p < .05) differences between RF impedance changes in ShakerB-IR vs. control cells at the 41 mV membrane depolarization as well. Hence, opening of ShakerB-IR channels causes an increase in membrane polarization that is detectable with RF interrogation frequencies.
IV. DISCUSSION AND CONCLUSION:
Membrane-voltage dependent changes in RF impedance (300 kHz, 500 kHz, 1 MHz) were analyzed for Shaker-expressing oocytes and control oocytes (endogenous protein expression only). Differences between these data sets reflect changes in effective membrane capacitance imparted by voltage-dependent changes in Shaker ion channels. Results show that the RF impedance change with TEVC depolarization was significantly larger in Shaker expressing cells than control cells. This held true for all three interrogation frequencies. Statistically significant differences in RF impedance change between Shaker cells and control cells were not present when cells were hyperpolarized. It is unlikely that ion-channel conformational state (e.g. from openclose) was modulated by the RF interrogation frequencies used in these experiments. Data suggest that the open vs. closed states of Shaker ion channels lead to distinctly different electric dipole charge/mobility, leading to distinctly different effective membrane capacitance; these differences can be measured using RF frequencies. Presumably, this dielectric behavior has origins in radio-frequency molecular dynamics of the protein-membrane-ion complex. While the RF- technique presented here used oocytes injected with well-characterized Shaker channels, oocytes could potentially be injected with cRNA that encodes for other protein types as well, and this method may prove to be a useful tool to examine dynamic movements in a multitude of excitable membrane-bound proteins.
